INTRODUCTION
Helminth parasites infect approximately one-third of the world's population. 1 Strongyloides ratti is a rodent-specific parasite with a rapid life cycle that includes tissue-migrating and intestinal parasitic stages. 2 Thus, infective third-stage larvae (L3i) actively penetrate the skin of their mammalian host and migrate within 2 days to the mouth, predominantly via the head but also via the lung. [3] [4] [5] The L3 are swallowed and arrive in the small intestine 3 days after infection. They moult via fourthstage larvae to become parasitic adults on day 5 post infection (p.i.). The adults live embedded in the mucosa closely attached to intestinal epithelial cells 6 and reproduce by parthenogenesis. The eggs and already hatched first-stage larvae (L1) are excreted with the feces. Immunocompetent mice efficiently terminate the infection: the intestinal numbers of parasitic adults decline rapidly after day 6 p.i. 3 Although there are few detectable adults after day 10 p.i., mice remain infected at a low level and continue to release eggs and L1, as shown by a sensitive quantitative-PCR (qPCR) method, for approximately 30 days, until the infection is completely terminated. 5 A completed first S. ratti infection elicits a typical Th2 response and renders mice semi-resistant to subsequent infections. 3, 5 Therefore, S. ratti-infected mice can be used to analyze the mechanisms of efficient anti-helminth immunity in tissues and the intestine. Although the effector mechanisms that eradicate the tissue-migrating L3 have been studied extensively by using human pathogenic S. stercoralis L3, 7 the mechanisms of intestinal immunity are less well understood. 8 Mast cells are thought to mediate the expulsion of parasitic adults from the intestine because injections with the mast cell-activating cytokine interleukin (IL)-3 promoted parasite expulsion and mastocytosis during infection with S. ratti. 9, 10 Moreover, IL-3-deficient mice infected with the closely related S. venezuelensis showed delayed expulsion of the parasites. Furthermore, when WBB6F1-Kit W/W-v (W/W v ) mice, which carry a mutation in the stem cell factor receptor Kit that results in mast cell deficiency, were infected with S. venezuelensis or S. ratti, they had a higher intestinal parasite burden during infection. 11, 12 However, because W/W v mice have several immunological and non-immunological defects, including reduced basophil numbers and lack of interstitial pacemaker cells of Cajal, 13 their phenotypes may not solely reflect the mast cell deficiency.
14 Re-evaluation of mast cell function using novel Kit-independent models for mast cell deficiency failed to reproduce the involvement of mast cells in different immune pathologies such as autoimmune arthritis and experimental autoimmune encephalomyelitis, 15 wound healing, 16 postoperative ileus, 17 or diet-induced obesity and insulin resistance 18 that was proposed using Kit-mutant mice. Thus, the role of mast cells in Strongyloides elimination remains unclear. Moreover, a differentiation between the impact of the two mast cell subsets, the constitutive connective tissue mast cells that are predominantly located in the skin and submucosa and the mucosal mast cells that are located within mucosal epithelium 19 was not possible using Kit-mutant mice. Finally, because basophils and mast cells have overlapping functions, 20 are both induced and activated by IL-3, 21 and contribute to immunity during gastrointestinal helminth infection, 22 it remains unclear to what extent each cell type contributes to anti-Strongyloides immunity.
Here, we used the mast cell-deficient Cpa3 Cre mice along with two other murine models of mast cell or basophil deficiency 15, 23, 24 to elucidate the overlapping and distinct functions of these cells during S. ratti infection in the tissue and intestine. Neither mast cells nor basophils contributed to control of migrating larvae during the first 2-3 days of infection, but both cell types promoted the early expulsion of S. ratti from the intestine. Moreover, the presence of mucosal mast cells was found to be essential for the timely termination of S. ratti infection: mice that lacked all mast cells had prolonged infection, whereas deficiency of connective tissue mast cells alone or basophils alone did not affect the timely termination of infection at about day 30 p.i.
RESULTS

Mucosal mast cells are essential for termination of S. ratti infection
Heterozygous expression of Cre recombinase under the control of the Cpa3 promoter deleted all mucosal and connective tissue mast cells in Cpa3
Cre mice by genotoxic mechanisms. 15 To analyze the importance of mast cells in the immunological control of S. ratti, we infected Cpa3
Cre mice and their mast cell-intact Cpa3 wt littermates on either the C57BL/6 15 or the BALB/c 25 background by subcutaneously injecting 2,000 L3i. Mast cell-deficient and -intact mice did not differ in terms of tissue-migrating L3 numbers in the head and lungs during the first 4 days of infection, regardless of the genetic background (Figure 1a,b) . The L3 numbers in the head generally peaked on day 2 p.i., as described before, 3 and L3 started to appear in the small intestine 1 day later. The mast cell-deficient and -intact mice did not differ in intestinal L3 numbers until day 3 p.i. However, on day 4 p.i., the mast cell-deficient mice tended to have higher larval burden in the intestine, although this difference did not achieve statistical significance. On day 6 p.i., that is the time point of maximal S. ratti burden, the mast cell-deficient mice had significantly more parasitic adults in the intestine than their mast cellcompetent littermates, regardless of genetic background (Figure 1c,d) . Thus, although mast cells were dispensable for controlling tissue-migrating L3, they contributed to the intestinal immunity against S. ratti. ) independent experiments (a, b: n ¼ 3 (day 1) or n ¼ 11 (days 2-4) mice per group; c, d: nZ16 mice per group). ***Po0.001: the groups differed significantly at the indicated time points, as determined by using Mann-Whitney U test (a-c) or Student's t-test (d). L3i, infective third-stage larvae; p.i., post infection; s.c., subcutaneous; S. ratti, Strongyloides ratti.
BALB/c mice are less susceptible to S. ratti infection than C57BL/6 mice. 26 Indeed, BALB/c Cpa3 wt mice had fewer parasitic adults than C57BL/6 Cpa3 wt mice after infection with the same number of L3i ( Figure 1c,d : open symbols). Notably, however, the two strains did not differ in terms of the L3 numbers in the head and lungs at any time point (Figure 1a,b) . Thus, the strain-specific differences in susceptibility were established in the intestine.
To compare the kinetics of infection in the presence and absence of mast cells, we quantified S. ratti DNA in the feces as correlate for fecal egg and L1 release 5 ( Figure 2 ). Wild-type mice displayed maximal S. ratti DNA output during days 6-8 and terminated the infection after 1 month as described before. 5 By contrast, the mast cell-deficient mice released higher S. ratti DNA levels in the first weeks of infection, correlating with the higher numbers of parasitic adults in their intestine. The quantity of S. ratti DNA declined after approximately 60 days in mast cell-deficient C57BL/6 Cpa3 Cre mice ( Figure 2a ) and after 14 days in BALB/c Cpa3
Cre mice (Figure 2b) , thus highlighting the different susceptibility of these strains. However, both mast cell-deficient strains continued to pass S. ratti DNA in the feces for more than 150 days ( Figure 2a Figure S1 and Movie online).
To determine whether mucosal and connective tissue mast cells both contribute to controlling intestinal parasite burden, we used mice that expressed Cre recombinase under the control of the mast cell protease (Mcpt) 5 promoter and were crossed with R-DTA mice (Mcpt5 Cre R-DTA) leading to diphtheria toxin expression and subsequent deletion of connective tissue mast cells. 23 In line with the results obtained using complete mast cell-deficient Cpa3
Cre mice, the numbers of tissuemigrating L3 and intestinal L3 at day 2 p.i. were alike in wild-type and Mcpt5
Cre R-DTA mice lacking connective tissue mast cells only (Figure 3a) . Numbers of parasitic adults in the intestine at day 6 p.i. (Figure 3b ) and fecal output of S. ratti DNA during the first 2 weeks (Figure 3c) Cre (black bars) and Cpa3 wt (open bars) mice on the C57BL/6 (a) and BALB/c (b) background were s.c. infected with 2,000 S. ratti L3i and the release of S. ratti 28S RNA-coding DNA in their feces at the indicated time points until termination of infection was analyzed by qPCR. The data are the means of two independent experiments (n ¼ 6-12 mice per group and time point). *Po0.05, **Po0.01, and ***Po0.001: the groups differed significantly at the indicated time point, as determined by Student's t-test or Mann-Whitney U test. Once wild-type mice terminated the infection and all values of this group became zero, e.g., at day 48 (a) or day 42 (b) p.i., statistical analysis with Student's t-test or Mann-Whitney U test were no longer performed. L3i, infective third-stage larvae; ns, not significant; p.i., post infection; qPCR, quantitative-PCR; s.c., subcutaneous; S. ratti, Strongyloides ratti.
littermates, which indicates that connective tissue mast cells were not needed for terminating S. ratti infection. Thereby, stable deletion of connective tissue mast cells in the small intestine of Mcpt5
Cre R-DTA mice also at this late time point of infection was controlled by histology and RT-PCR (Supplementary Figure S2) .
In addition to their mast cell deficiency, Cpa3 Cre mice have a 60% reduction in the numbers of splenic basophils. 15 To assess whether the higher adult parasite burden in the Cpa3
Cre mice was caused by the absence of mast cells and/or the reduction in basophil numbers, basophil-deficient Mcpt8
Cre mice were infected with S. ratti. In these mice, heterozygous BAC transgenic expression of Cre recombinase under control of the regulatory elements of the basophil-specific protease Mcpt8 results in constitutive and efficient basophil deletion. 24 The basophil-deficient mice and their wild-type littermates had similar numbers of tissue-migrating L3 on day 2 p.i. (Figure 4a ). Numbers of parasitic adults in the intestine at day 6 p.i. increased in basophil-deficient Mcpt8
Cre mice on BALB/c and C57BL/6 genetic background ( Figure 4b ). Increased intestinal parasite burden was correlated to increased fecal release of S. ratti DNA (Figure 4c,d ). Despite this, the infection was terminated with similar kinetics in basophildeficient and -intact mice before day 30 p.i. (Figure 4c,d) . Thus, both connective tissue mast cells and basophils contributed to the early intestinal immunity against S. ratti and specifically presence of mucosal mast cells was needed for timely termination of infection. The impact of mucosal mast cells on early intestinal immunity remains to be elucidated, as no mice lacking selectively mucosal mast cells in the presence of connective tissue mast cells are presently available.
Next, we intended to evaluate the impact of adaptive immunity on early intestinal immunity to S. ratti as well as during infection termination. Previous studies showed that T-cell-deficient nude mice remained infected with S. ratti for more than 6 weeks 27 and nude rats carried parasitic S. ratti adults in the intestine for more than 1 year. 28 S. ratti-infected RAG1 À / À mice, which lack all cells expressing adaptive immune receptors (i.e., B cells, T cells, and NKT cells), had similar numbers of parasitic adults in the intestine on day 6 p.i. as the wild-type C57BL/6 control mice ( Figure 5a) . Nevertheless, the RAG1 À / À mice remained infected for more than 300 days and displayed increased fecal release of S. ratti DNA at later time points when immune competent mice already cleared the infection (Figure 5b) .
In summary, these experiments show that intestinal parasite numbers were initially controlled by innate immune effector mechanisms also in the absence of a functional adaptive immune system. During this early phase, mast cells and basophils contributed to the parasite control on day 6 p.i. Final eradication of S. ratti from the intestine, however, required neither connective tissue mast cells nor basophils, but strictly relied on the presence of a functional adaptive immune system. Additional absence of mucosal mast cells in Cpa3
Cre mice, however, abrogated timely termination of infection even in the presence of adaptive immunity.
Intact generation of S. ratti-specific immune response in mast cell-deficient mice
The incapability of complete mast cell-deficient Cpa3
Cre mice to terminate S. ratti infection suggests that mucosal mast cells may be key terminal effector cells that execute the immunedriven eradication of S. ratti. Alternatively, mucosal mast cells may promote S. ratti eradication indirectly by helping to initiate the adaptive immune response to S. ratti as observed in another gastrointestinal nematode infection recently. 29 To distinguish between these alternatives, we compared the cellular composition and local immune responses of complete mast celldeficient (Cpa3 Cre ) and wild-type mice during infection ( Figure 6 ). Histological analysis of the intestinal cellular composition in day 6 S. ratti-infected mice revealed no differences with regard to numbers of T cells, B cells, macro- 
phages, eosinophils, neutrophils, or goblet cells in Cpa3
Cre and Cpa3 wt mice, while mast cells were absent in Cpa3 Cre mice, as expected ( Figure 6a and Supplementary Figure S3) . Also, the local immune response reflected by infection-induced upregulation of the Th2-associated cytokine mRNA for IL-13, IL-4, IL-5, IL-3, IL-9, and IL-10 in intestinal tissues did not differ significantly in Cpa3
Cre and Cpa3 wt mice (Figure 6b ). When mesenteric lymph node cells from mast cell-deficient Cpa3
Cre and mast cell-competent Cpa3 wt mice on either BALB/c or C57BL/6 genetic background were stimulated with anti-CD3 monoclonal antibody, they produced mostly comparable amounts of the respective Th2-associated cytokines (Figure 6c and Supplementary Figure S4a) . The mast cell-deficient mice had comparable S. ratti-specific IgM concentrations and even higher serum concentrations of S. ratti-specific IgG1 and polyclonal IgE than the control mice ( Figure 6d and Supplementary Figure S4b) . This increased IgG1 and IgE titers in S. ratti-infected Cpa3
Cre mice may reflect a deregulation of the Th2 immune response initiated in the absence of mast cells. It is also possible that the increased Ig response was due to increased and prolonged intestinal parasite burden in mast cell-deficient mice, as vaccination with irradiated L3i that do not establish a patent infection in the intestine and thus lead to comparable antigen loads resulted in comparable humoral responses in mast cell-deficient and -intact mice (Supplementary Figure S5a) . Furthermore, connective tissue mast cell-deficient Mcpt5
Cre R-DTA mice that terminated infection with wild-type kinetics displayed comparable Ig responses as their wild-type littermates at later time points of infection, when parasite burden was also comparable (Supplementary Figure S5b) .
Although classic Th2 polarization during S. ratti infection was not abrogated by complete mast cell deficiency, the increased parasite burden in mast cell-deficient mice correlated with increased IgG and IgE responses, while cytokine production was not increased. Normalized to parasite numbers, this finding could be interpreted as a reduced and thus impaired cytokine response in mast cell-deficient mice. Therefore, we intended to further test the quality of the immune response that was initiated in the absence of mast cells. Immunocompetent mice, which terminate S. ratti infection within 30 days, are semi-resistant to second infections; they have only 10-20% of the initial fecal egg and L1 output, and the adults in the intestine are almost undetectable. 3, 5 Because the mast cell-deficient Cpa3
Cre mice could not terminate the infection before day 150 p.i. (Figure 2) , we achieved protective immunity by vaccinating these mice with irradiated L3i. This vaccination regimen reduced the number of tissue migrating L3 present in the head 2 days after challenge infection (Figure 7a,b) and parasitic adults in the intestine 6 days after challenge infection (Figure 7c-e) with 2,000 live S. ratti L3i in comparison with non-vaccinated mice (first infection to challenge). The number of migrating L3 in heads of vaccinated Cpa3
Cre and Cpa3 wt mice did not differ during challenge infection, indicating that mast cell-deficient C57BL/6 Cpa3
Cre mice (Figure 7a ) and BALB/c Cpa3 Cre mice ( Figure 7b ) benefited just as well from vaccination as their Cre and Mcpt5 wt mice were vaccinated and challenged as described above, the numbers of parasitic adults in the intestine on day 6 p.i. are shown (nZ4). Each symbol represents one mouse, the line indicates the mean, shown are pooled results from two independent experiments (a-d) or one representative of two experiments (e). *Po0.05 and **Po0.01: the groups differed significantly, as determined by Student's t-test or Mann-Whitney U test. L3i, infective third-stage larvae; ns, not significant; p.i., post infection; S. ratti, Strongyloides ratti.
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Cre and Cpa3 wt mice compared with non-vaccinated mice (Figure 7c,d) . However, vaccinated mast cell-deficient Cpa3
Cre mice still displayed significantly elevated intestinal parasite burden compared with their vaccinated, mast cell-intact Cpa3 wt littermates that carried only 0-2 detectable adults on day 6 after challenge infection. By contrast, vaccinated connective tissue mast cell-deficient Mcpt5
Cre R-DTA mice showed the same almost complete protection against challenge infection on day 6 in the intestine (Figure 7e) , although intestinal parasite burden during first infection was elevated in the absence of connective tissue mast cells.
In summary, adaptive immunity to tissue-migrating larvae and intestinal parasitic adults was readily established in the absence of all mast cells or only connective tissue mast cells. Thereby, the quality of protection against tissue migrating larvae in absence and presence of mast cells was alike. The quality of protection against intestinal adults was reduced in mast cell-deficient mice compared with mast cell-intact mice and mice lacking selectively connective tissue mast cells.
Fc-receptor and IL-9 receptor-mediated signaling contribute to controlling S. ratti infection in the intestine but are not essential Our experiments above showed that mucosal mast cells and adaptive immunity have central roles in terminating S. ratti infection. We then sought to define the factors of adaptive immunity that triggered the mucosal mast cells to eradicate S. ratti.
Mast cells are activated by cross-linking IgE that binds to their high affinity Fce receptor. 30, 31 Recent studies showed that both Strongyloides-specific IgG and IgE and their respective Fc receptors FceRI and FcgRIII contributed to expulsion of S. venezuelensis from the intestine. 32 Moreover, in mice lacking the FceRIg chain (FcRg À / À ) that is common to all activating Fc receptors and some C-type lectin receptors, the numbers of S. venezuelensis adults in the intestine and the fecal egg release on day 13 p.i. were increased. 33 However, the latter study did not determine the fecal egg output up until the clearance of infection. To address this question, we compared parasite burden of FcRg À / À 34 mice and 5KO mice, 35 which lack five Fc receptors due to deletion of the a chains of FceRI, FceRII, FcgRI, FcgRIIB, and FcgRIII to C57BL/6 wild-type mice (Figure 8) . Intestinal parasite burden on day 6 p.i. was unchanged by Fc receptor deficiency either in FcRg À / À mice or in 5KO mice (Figure 8a,c) . Although fecal release of S. ratti DNA increased in FcRg À / À at later time points of infection, the infection was terminated by day 30 in both Fc receptordeficient mouse strains (Figure 8b,d) . Thus, mucosal mast cells can be activated to terminate S. ratti infection with wild-type kinetics in the absence of activating IgE or IgG receptors.
We have shown recently that IL-9-driven mast cell activation contributes to protecting the host during the first weeks of S. ratti infection. 36 However, we did not investigate the impact of IL-9-induced mast cell activation on the termination of infection. To this end, we analyzed the course of S. ratti infection in IL-9 receptor-deficient mice. 37 In line with our previous findings, IL-9 receptor-deficient BALB/c mice displayed increased parasite burden on day 6 p.i. (Figure 8e) . Increased intestinal parasite numbers did not result into increased fecal release of S. ratti DNA during the peak of infection (Figure 8f) as observed for the mast cell-deficient or basophil-deficient mouse strains (Figures 1-4) . Nevertheless, the absence of the IL-9 receptor increased the fecal release of S. ratti DNA at later time points starting on day 14 p.i. and prolonged infection by 2 weeks (Figure 8f) . Still infection termination occurred earlier in IL-9 receptor-deficient mice than in the complete mast cell-deficient mice (Figure 2) suggesting that IL-9-mediated activation of mast cells contributed to the timely termination of S. ratti infection, but was not essential.
DISCUSSION
Analyzing the impact of connective tissue mast cells, mucosal mast cells and basophils to the protective immune response during S. ratti infection, we demonstrate different requirements for (i) control of tissue migrating L3, (ii) initial control of adults in the small intestine during the first week of infection, and (iii) final eradication of adults from the intestine.
(i) Mast cells and basophils were completely dispensable for control of migrating L3 in head and lung during first infection. By contrast, elevated numbers of tissue-migrating L3 were recorded in the head of S. ratti-infected W/W v mice. 12 As we did not observe a significant change in the number of tissue-migrating L3 in three mast cell-deficient nor in two basophil-deficient mouse strains (BALB/c Cpa3 Cre , C57BL/6 Cpa3 Cre ,
Mcpt5
Cre R-DTA, and Mcpt8
Cre mice), we argue that the different outcome observed in S. ratti-infected W/W v mice was not due to mast cell deficiency or reduction in basophil numbers but rather caused by the multiple other immunological and nonimmunological defects observed in Kit-mutant mice. 13 This is further supported by several studies showing that S. stercoralis L3 are opsonized by complement and subsequently eradicated predominantly by eosinophils and neutrophils during first infection in the tissue. 7 (ii) Absence of adaptive immunity in RAG1 À / À mice did not influence early intestinal parasite burden, whereas total mast cell deficiency (BALB/c Cpa3
Cre and C57BL/6 Cpa3 Cre mice), connective tissue mast cell deficiency (Mcpt5 cre R-DTA mice), and basophil deficiency (Mcpt8 Cre mice) led to higher numbers of adult parasites in the intestine at day 6 p.i. This suggests that innate effector cells such as mast cells and basophils have an important role in controlling this stage of the infection. It is principally conceivable that absence of connective tissue mast cells and/or basophils and not absence of mucosal mast cells in Cpa3
Cre mice caused the increased parasite burden on day 6 p.i. Because no mouse strain specifically deficient for mucosal mast cells in the presence of connective tissue mast cells and basophils is available to date, it is not possible to formally test the specific contribution of mucosal mast cells to the control of intestinal parasite burden during the first week of infection. Elevated parasite burden and increased larval output during the first 2 weeks of infection were also observed in W/W v mice during S. venezuelensis 11 and S. ratti 12 infection. Mice that lacked gastrointestinal and peritoneal mast cells while still containing dermal mast cells due to deletion of the phosphatidylinositol-3 kinase (PI3K) subunit p85a 38 displayed elevated S. venezuelensis fecal egg release, further supporting the importance of mast cells in intestinal immunity to Strongyloides. (iii) Despite the initially overlapping functions of basophils and mast cells, final termination of S. ratti infection in the presence of adaptive immunity was selectively dependent on the presence of mucosal mast cells. We draw this conclusion because infection was terminated with wildtype kinetics by mice lacking selectively connective tissue mast cells or basophils but was prolonged for more than 150 days in the absence of all mast cells in Cpa3 Cre mice. Given the lack of mice with a specific deficiency in mucosal mast cells, we cannot differentiate whether mucosal mast cells mediate the timely termination of S. ratti infection alone or by acting in synergy with basophils and/or connective tissue mast cells.
We compared mast cell-and basophil-deficient mice on BALB/c and C57BL/6 background to exclude strain-specific variations in the importance of a certain cell type for host defense. Although it is long known that BALB/c mice are less susceptible to S. venezuelensis 39 and S. ratti 26 infection, we show that this strain-specific difference is achieved shortly after the parasites arrive in the intestine. BALB/c mice had similar numbers of larvae in the head but lower numbers of intestinal parasites from day 3 p.i. until termination of infection than C57BL/6 mice. Because the early intestinal immunity was independent of adaptive immunity but dependent on mast cells and basophils, we hypothesize that strain-specific differences in the hematopoiesis of mast cells 19 and nematode-induced modulation of mast cell activation 36, 40 during the first days of infection contributed to the disparate susceptibilities of these strains.
IgE-activated basophils directly contribute to Th2 polarization by production of IL-4 and IL-13 during infection of immune mice with the gastrointestinal parasites Heligmosomoides polygyrus and Nippostrongylus brasiliensis. 22 Also, mast cells have been implicated in the initiation of protective antihelminth immune responses. Kit-mutant mice showed reduced alarmin (IL-33, IL-25, and TSLP) production resulting in defective Th2 polarization and increased parasite burden during H. polygyrus infection. 29 As prevention of mast cell degranulation by cromolyn replicated the phenotype, it was suggested that degranulating mast cells initiated the release of tissue-derived alarmins in the first place. A similar role for alarmin-triggered induction of ILC2 and promotion of Th2-driven immunity was shown during S. venezuelensis infection, although here parasite-derived chitin was shown to trigger IL-33 release and the role of mast cells was not investigated. 41 In the present study, our data did not support the notion that mast cells are essential to initiate appropriate immune responses during nematode infection. First, neither intestinal eosinophilia, IL-13, IL-5, and IL-4 responses to infection nor titers of the Th2-associated Ig isotypes IgE and IgG1 were reduced in the Cpa3
Cre mice on both the BALB/c or C57BL/6 genetic backgrounds in comparison with their wild-type littermates. Second, vaccination against S. ratti in Cpa3 Cre mice and Cpa3 wt mice on the BALB/c and C57BL/6 backgrounds efficiently established protective immunity to tissuemigrating L3. This indicates that the initiation of the memory type 2 immune response, which mediates L3 eradication in immune mice, was intact in the absence of mast cells. Notably, however, vaccinated mucosal mast cell-deficient Cpa3
Cre mice still bore more S. ratti adults in their intestine than vaccinated wild-type mice, while vaccinated connective tissue mast celldeficient Mcpt5
Cre DTA mice showed complete protection in the intestine as well. This suggests that mucosal mast cells functioned as important terminal effector cells as their absence resulted in elevated intestinal parasite burden in vaccinated mice even in the presence of an otherwise intact Th2 immune response. Our results are consistent with those of a recent study showing that the establishment of a Th2 response in Leishmania major-infected BALB/c mice as well as the strainspecific Th2/Th1 polarization in L. major-infected BALB/c vs. C57BL/6 mice was independent of mast cells. 25 During Strongyloides infection, mast cells are activated by IL-3, 9,10,42 IL-9, 36 and Strongyloides antigen-specific IgG and IgE. 32 When we tested two independent models of Fc receptor deficiency, we found that, at later time points, the fecal release of S. ratti eggs and L1 increased in the deficient mice relative to the control mice. This is consistent with a study showing that S. venezuelensis-infected FcRg À / À mice had an increased fecal egg release and increased parasite burden at later time points. 33 However, in both the mice lacking the FceRI-g chain and the mice lacking 2 Fce and 3 Fcg receptors, the infection was terminated with wild-type kinetics by day 30 p.i. Thus, S. rattispecific IgE and IgG may facilitate mast cell activation and parasite elimination via Fc-receptor engagement as demonstrated for S. venezuelensis-infected mice. 32 Fc receptormediated activation of mast cells, however, did not have an indispensable role in the timely termination of S. ratti infection. Similarly, IL-3 was not central in infection termination because a previous study showed that IL-3 À / À mice terminated S. venezuelensis infection with an 8-day delay compared with wild-type mice. 42 When we infected IL-9 receptor-deficient mice with S. ratti, we observed increased parasite burden at day 6 p.i. and a delay in the resolution of infection by 2 weeks. Although the infection was only cleared after day 42 p.i., this was still earlier than when the complete mast cell-deficient mice terminated the infection, namely 140-160 days p.i. Redundant functions for IL-9 and IL-3 in activating mast cells have been shown before, 43 and our combined results suggest that both cytokines in concert with Fc receptor-mediated signals contributed to activation of mucosal mast cells and partially compensated for each other's absence.
The fact that specifically mucosal mast cells and not basophils or connective tissue mast cells are needed to terminate infection is striking. One explanation for this relates to the exclusive localization of mucosal mast cells between the intestinal epithelial cells. 19 Strongyloides adults dwell embedded between the intestinal epithelial cell layer but never penetrate the basal lamina. 6 This tight attachment to the intestinal cells is apparently central for the survival of the parasite because interference with this attachment by implanting the worms pre-incubated with proteoglycans promotes S. venezuelensis expulsion. 44 Thus, it is conceivable that only intraepithelial localized mucosal mast cells can successfully attack embedded worms at later time points of infection. Support for this hypothesis is provided by the phenotype of mice with a conditional bone marrow-specific Notch2 knockout. 45 Upon S. venezuelensis infection of these Notch 2 À / À mice, mast cells were predominantly induced in the lamina propria and not in the intestinal epithelium as in wild-type mice. This altered mast cell localization in the intestine was accompanied by increased fecal egg release at later time points of the infection. However, the exact mechanism by which mast cells eradicate S. ratti from the intestine and which mast cell-derived effector molecules participate in this phenomenon remain to be elucidated. 35 mice were provided by Friederike Jönsson. Wistar rats and C57BL/6 mice were obtained from Charles River (Sulzfeld, Germany). All mice were bred in house and kept in individually ventilated cages under specific pathogen-free conditions. For all experiments, male and female mice were used at 7-10 weeks of age, but experimental groups were matched for gender and age with maximally 7 days variance.
Parasite. The S. ratti cycle was maintained in Wistar rats and infections were performed by subcutaneous infection of 2,000 L3i in the hind footpad of mice. 5 Mice were vaccinated with 2,000 irradiated L3i (160 Gy) 4 weeks before challenge infection with 2,000 vital L3i. Parasite burden in the intestine and quantification of the S. ratti 28S RNA-coding DNA in the feces of infected mice was performed as described. 46 Characterization of the immune response. Mice were killed on day 6 p.i. Leukocyte populations in the small intestine were quantified by histopathology as described in Supplementary Methods. cDNA was prepared from 1-cm intestinal sections of naive and day 6 infected mice. Relative expression of cytokine mRNA was measured by qPCR as described in Supplementary Methods using the comparative Ct method. Cytokine production by ex vivo stimulated mesenteric lymph node cells derived from day 6 infected mice and Ig concentration in sera from day 28 infected mice was measured by ELISA as described. 5 Statistical analysis. All data were assessed for normality. Groups were compared by using Student's t-test (parametric) or MannWhitney U test (non parametric) test using GraphPad Prism software (San Diego, CA). P valuesr0.05 were considered to indicate statistical significance.
SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/mi
